The role of the Wnt/␤-catenin signaling pathway in breast cancer bone metastasis is not well understood. Results: ␤-Catenin signaling is activated in highly bone metastatic breast cancer cells; modification of this pathway alters the bone lesion phenotype. Conclusion: ␤-Catenin acts as an important determinant in breast cancer-induced bone lesions. Significance: Understanding the regulation of the ␤-catenin signaling pathway in bone metastasis is of key importance for developing new and effective therapeutic approaches.
Breast cancer patients have an extremely high rate of bone metastases. Morphological analyses of the bones in most of the patients have revealed the mixed bone lesions, comprising both osteolytic and osteoblastic elements. ␤-Catenin plays a key role in both embryonic skeletogenesis and postnatal bone regeneration. Although this pathway is also involved in many bone malignancy, such as osteosarcoma and prostate cancer-induced bone metastases, its regulation of breast cancer bone metastases remains unknown. Here, we provide evidence that the ␤-catenin signaling pathway has a significant impact on the bone lesion phenotype. In this study, we established a novel mouse model of mixed bone lesions using intratibial injection of TM40D-MB cells, a breast cancer cell line that is highly metastatic to bone. We found that both upstream and downstream molecules of the ␤-catenin pathway are up-regulated in TM40D-MB cells compared with non-bone metastatic TM40D cells. TM40D-MB cells also have a higher T cell factor (TCF) reporter activity than TM40D cells. Inactivation of ␤-catenin in TM40D-MB cells through expression of a dominant negative TCF4 not only increases osteoclast differentiation in a tumor-bone co-culture system and enhances osteolytic bone destruction in mice, but also inhibits osteoblast differentiation. Surprisingly, although tumor cells overexpressing ␤-catenin did induce a slight increase of osteoblast differentiation in vitro, these cells display a minimal effect on osteoblastic bone formation in mice. These data collectively demonstrate that ␤-catenin acts as an important determinant in mixed bone lesions, especially in controlling osteoblastic effect within tumor-harboring bone environment.
Breast cancer is the second leading cause of cancer deaths in women and metastasizes to bone in Ͼ80% of patients with advanced disease (1) . Although the dominant lesion is lytic and destructive in cancer-induced bone metastasis in human, both resorption and formation are activated in most of the breast cancer bone metastases (2) . More effective treatment strategies are urgently needed to prevent breast cancer cells from spreading to the bone and to improve patient survival rates. Understanding the molecules and their signaling mechanisms involved in the bone metastasis are of key importance for developing new and effective therapeutic approaches.
Secreted Wnt glycoproteins are important regulators of cellular differentiation and embryogenesis (3) . The Wnt pathway consists of secreted ligands (Wnts) and various secreted and membrane-bound antagonists of Wnt signaling. These components activate transmembrane receptors such as low density lipoprotein receptor related protein 5/6 (Lrp-5/6) 2 and Frizzled (4) . There are at least three different Wnt signaling pathways, including the canonical Wnt pathway which regulates ␤-catenin (Wnt/␤-catenin pathway); the planar cell polarity pathway; and the Wnt/Ca 2ϩ pathway. Signaling through the canonical Wnt pathway is initiated by Wnt ligands activating Frizzleds and Lrp-5/6 (5). In the absence of appropriate Wnt ligands, ␤-catenin is targeted for phosphorylation, ubiquitination, and proteosomal degradation by a multiprotein complex comprising glycogen synthase kinase-3␤, adenomatous polyposis coli and Axin (6 -8) . In the presence of an appropriate Wnt ligand, this multiprotein complex does not target ␤-catenin for degradation, and ␤-catenin can translocate to the nucleus, where in concert with members of the T cell factor (TCF)/lymphoid enhancer factor family, activates the transcription of a wide range of genes, such as c-myc and cyclin D1 (9, 10) .
The Wnt pathway plays a central role in controlling embryonic bone development and bone mass (5, 11, 12) . It is also * This work was supported, in whole or in part, by National Institutes of Health essential in postnatal bone regenerative process, such as fracture healing (13, 14) . Although the Wnt pathway is well recognized to be important for breast cancer tumorigenesis (15, 16) , little is known about its role in breast cancer-induced bone metastasis. Bu et al. showed for the first time that breast cancer cell line MDA-MB-231, which preferentially forms osteolytic bone metastases, exhibited increased levels of Wnt/␤-catenin signaling and Dickkopf-1 (Dkk-1) expression, and the tumor cell-produced Dkk-1 blocked Wnt-3A-induced osteoblast differentiation (17). Schwaninger et al. reported that Dkk-1 mRNA was expressed in the osteolytic MDA-MB-231 cell line, whereas osteoblastic breast cancer cell lines T47D and ZR75-1 did not express Dkk-1 (18) . Recent studies suggested that the Wnt pathway is critically involved in some other bone malignancy, including osteosarcoma (19 -21) , multiple myeloma (22) , and prostate cancer bone metastasis (23) . We therefore hypothesize that this pathway may also be responsible for breast cancer bone metastasis.
For this purpose, we established an experimental model of tumor-bone cell interaction by intratibial injection of mouse mammary TM40D-MB tumor cells. TM40D-MB cells were developed in our laboratory previously that have the capability to metastasize to bone spontaneously in syngeneic mice (24) . Interestingly, we found that this experimental model displayed a mixed type of osteoblastic and osteolytic lesions, rather than pure osteolytic lesions, which is especially useful for studying the tumor-bone cell interaction and the changes in the bone lesion between osteoblastic bone formation and osteolytic bone destruction. Utilizing this model, we aim at investigating the regulation of the ␤-catenin signaling pathway in breast cancer cells-induced bone lesion.
EXPERIMENTAL PROCEDURES
Cell Culture-Two mouse breast cancer cell lines, TM40D and TM40D-MB, were used in this study. TM40D mammary cells were derived from the FSK4 mammary epithelial cell line established in vitro from normal mouse mammary gland (25) . The TM40D outgrowth line in vivo produces mammary tumors that were metastatic to lung but not to bone (26) . TM40D-MB cells were isolated from bone lesions in mice that had been treated with intracardiac injection of TM40D cells. A previous study from our laboratory demonstrated that TM40D-MB cells induced bone metastasis very efficiently after being injected into mammary pad in BALB/c mice (24) .
Both TM40D and TM40D-MB cell lines were cultured in DMEM (HyClone), supplemented with 5% fetal bovine serum (FBS, HyClone) and 1% penicillin/streptomycin at 37°C in a 5% CO 2 incubator. The mouse osteoblastic cell line, MC3T3, and mouse leukemic monocyte macrophage cell line, RAW 264.7, were maintained in ␣-MEM (Invitrogen) containing 10% FBS and 1% penicillin/streptomycin at 37°C in a 5% CO 2 incubator.
Quantitative Real-time PCR (qPCR)-Total RNAs were isolated from cell cultures using TRIzol Reagent (Invitrogen) and synthesized to cDNA using M-MLV reverse transcriptase (Invitrogen). qPCR was performed with the primers listed in supplemental Table 1 . The cDNA was amplified and quantified using the Power SYBR Green PCR Master Mix (Applied Biosystems). The specificity of the PCR products was confirmed using DNA gel electrophoresis after real-time PCR.
Western Blot Analysis-Cells were lysed with Reporter Lysis buffer (Promega), and were cell lysates were loaded onto 12% SDS-PAGE. Proteins were transferred to Hybond neutral nylon membrane (Amersham Biosciences). Mouse anti-active ␤-catenin polyclonal (Millipore) and rabbit anti-total ␤-catenin monoclonal antibodies (Cell Signaling) were used at a dilution of 1:1,000, and horseradish peroxidase (HRP)-conjugated donkey anti-mouse and HRP-conjugated goat anti-rabbit antibodies (Cell Signaling) were used at a dilution of 1:10,000. Antibody complexes were detected using SuperSignal West Pico chemiluminescent substrate (Thermo Scientific). To normalize for differences in protein loading, the blots were stripped and reprobed with a rabbit anti-actin polyclonal antibody (Sigma).
Reporter Activity Assay-The TM40D-MB cells were treated with adenovirus expressing human ␤-catenin (Ad-␤-catenin), or dominant negative human TCF4 (Ad-TCF4_DN), or a control virus (Ad-control, all from Vector Biolabs) at a multiplicity of infection (m.o.i.) of 100 for 24 h. Cells were resuspended and plated in 6-well plate at 2 ϫ 10 5 /well overnight. Cells were then transfected with the ␤-catenin-responsive firefly luciferase reporter plasmids TOPflash (wild-type promoter) or FOPflash (mutant promoter) (obtained from Benjamin Alman at the University of Toronto) using Lipofectamine 2000 reagent (Invitrogen). Twenty-four hours after transfection, the luciferase activity was determined using a Dual Luciferase Assay kit (Promega). All measurements were performed in triplicate.
Cell Proliferation Assay-The TM40D-MB cells were infected with Ad-␤-catenin, Ad-TCF4_DN, and Ad-control at a m.o.i. of 100. Cells were washed 24 h after infection and plated into a 94-well plate at 1 ϫ 10 4 /well in 100 l of Complete medium in triplicate. Twenty-four hours later, 10 l of MTT (10 mg/ml) was added into each well and incubated for 1-2 h until a purple precipitate was clearly visible under the microscope. The formazan product was dissolved in dimethyl sulfoxide, and absorbancies were read at 570 nm on a microtiter plate reader.
In Vitro Osteoblast Differentiation in Co-culture SystemThe TM40D-MB cells were transduced with Ad-␤-catenin or Ad-Control at a m.o.i. of 100. Twenty-four hours later, cells were resuspended and plated into 24-well formatted cell culture inserts (BD Biosciences). The tumor cells were then cocultured with MC3T3 cells in osteogenic medium (␣-MEM containing 10% FBS, 50 g/ml ascorbic acid, and 10 mM ␤-glycerophosphate). The medium was replaced every 3 days.
Six days after confluence, MC3T3 cells were washed with PBS, and cell lysates were harvested. The ALP activity assay was performed using QuantiChrom TM ALP Assay kit (BioAssay Systems). Twelve days after confluence, other MC3T3 cells were washed and fixed with 4% paraformaldehyde, followed by von Kossa staining.
In Vitro Osteoclast Differentiation in Co-culture SystemThe TM40D-MB cells were transduced with either Ad-␤-catenin or Ad-TCF4_DN, and Ad-control at a m.o.i. of 100. Twenty-four hours later, cells were resuspended and plated into 24-well formatted cell culture inserts. The tumor cells were then co-cultured with RAW 264.7 cells in ␣-MEM containing 10% FBS and 1% penicillin/streptomycin. To initiate osteoclast differentiation, recombinant human RANKL protein (R&D Systems) was immediately added into the co-culture medium at a concentration of 5 ng/ml. Five days after co-culture, many multinucleated osteoclasts were observed in the cultures. Tartrate-resistant acid phosphatase (TRAP) staining was performed using a kit from Sigma. The number of multinucleated osteoclasts was counted in each well and compared between different groups.
Animal Study-Eight-week-old female BALB/c mice were inoculated with TM40D or TM40D-MB cells. Before injection, TM40D-MB cells were treated with Ad-␤-catenin, Ad-TCF4_DN, or Ad-control at a m.o.i. of 100 for 24 h. Cells were washed with PBS and resuspended in a mixture with equal amount of PBS and Matrigel (BD Biosciences).
Animals were divided into four groups. Mice in group 1 were injected with tumor cells transduced with Ad-␤-catenin; mice in group 2 were injected with cells expressing Ad-TCF4_DN; mice in group 3 were injected with cells treated with Ad-control. Mice in group 4 were injected with vehicles only as a negative control. There were 9 animals in each group. For intratibial injection, animals were anesthetized with a mixture of ketamine (100 mg/kg body weight) and xylazine (10 mg/kg body weight). The left hind limb was shaved and prepared with 70% alcohol. A 3-mm longitudinal incision was made with a blade over the patellar ligament. A microsyringe (Hamilton) was inserted through the tibial plateau with the knee flexed, and 10 l of the mixture containing 1 ϫ 10 5 cells was injected into the bone marrow cavity ϳ2 mm below the growth plate. Animals were allowed free, unrestricted weight bearing in cages after recovery from anesthesia.
Evaluation of Bone Lesions-Mice tibiae were harvested and fixed in 4% paraformaldehyde. Each bone sample was radiographed with a MX-20 x-ray system (Faxitron x-ray Corporation). Bone samples were also examined with micro-computed tomography (CT, MicroCT-40, SCANCO Medical) using 45-kV tube voltage, 88-A tube current, and 300-ms integration time for each of 1,000 projections. Each of the 160 -200 contiguous slices was reconstructed on 2,048 ϫ 2,048 grid with 10-m isotropic volume elements (voxels). Bone lesions were quantified in a region of interest from 480 to 680 m below the growth plate of the proximal tibia. After radiographic examination, the bone samples were decalcified in 20% EDTA (pH 7.4) for 10 days and embedded in paraffin. Sections of 5 m thick were prepared and stained with hematoxylin and eosin (H&E).
Statistical Analyses-Data were expressed as mean Ϯ S.D. Statistical differences were calculated using Student's t test. A minimum of five animals were analyzed for each group for radiographic parameters. A p value Ͻ 0.05 was considered statistically significant.
RESULTS

Up-regulation of ␤-Catenin
Signaling Activity in Bone Metastatic TM40D-MB Cells-To investigate whether the ␤-catenin pathway is up-regulated in bone metastatic TM40D-MB as compared with non-bone metastastic TM40D cells, we performed qPCR to examine gene expression of some Wnt/␤-catenin signaling molecules in both cells. As shown in Fig. 1A , the mRNA levels of both Lrp-5 and Lrp-6, which mediate the canonical Wnt pathway, were higher in TM40D-MB cells than that in TM40D cells. The ␤-catenin mRNA level was also upregulated in TM40D-MB cells. We also found higher gene expression of Cox-2 and Cyclin D1 in TM40D-MB cells, both of which are target genes that are regulated by ␤-catenin mediated TCF/ lymphoid enhancer factor-dependent transcription (10, 27, 28) . Using Western blotting, we observed a stronger induction of active ␤-catenin and total ␤-catenin in TM40D-MB cells than in TM40D cells (Fig. 1B) . TCF reporter assay showed that TM40D-MB cells have a higher luciferase reporter activity than TM40D cells (Fig. 1C) . These data suggest that bone metastatic TM40D-MB cells display an increased endogenous ␤-catenin activity. Interestingly, we noticed that the Runx-2 was up-regulated in TM40D-MB cells. It has been shown that Runx-2 is the key transcription factor for osteoblast differentiation (29). This indicates that high level ␤-catenin signaling in TM40D-MB cells may have the ability to promote osteoblastic bone-forming activity.
Another interesting finding is that Dkk-1 mRNA was also expressed at a higher level in TM40D-MB cells than in TM40D cells (Fig. 1A) . Dkk-1 is not only one of the direct target genes of ␤-catenin-mediated transcription (30, 31) , but also an antagonist that binds to Lrp-5/6 and Kremen proteins to block Wnt to ␤-catenin signaling (32, 33) . The up-regulation of Dkk-1 in TM40D-MB cells implicates that activation of the Wnt/␤-catenin pathway might induce an endogenous negative feedback loop to maintain its signal activity at an appropriate level.
RANKL/OPG ratio and parathyroid hormone related peptide expression are two major mediators of osteoclastic lesions. We performed qPCR and showed that TM40D-MB cells have a significantly elevated RANKL/OPG ratio (20-fold) and pTHrP expression (4-fold) than TM40D cells, as shown in Fig. 1D .
Intratibial Injection of TM40D-MB Cells Induced a Mixed Bone Lesion in Mice-
To study the interaction between breast tumor cells and bone in an experimental model, we injected 1 ϫ 10 5 TM40D-MB cells directly into the tibia of BALB/c mice. We also injected an equal amount of vehicle (a mixture of PBS and Matrigel) into the animals as a negative control. After 5 weeks, x-rays revealed that all animals injected with TM40D-MB cells exhibited lesions displaying both osteoblastic bone formation and osteolytic bone destruction. No lesions were noted in the tibiae of mice treated with vehicle only (Fig.  1E) . CT confirmed the existence of both osteoblastic bone formation and lytic destruction in the area of tibiae where tumor cells were injected (Fig. 1F) . Neither trabecular bone volume fraction (BV/TV%) nor total bone volume fraction (BV/ TV%) differed for TM40D-MB cell injected mice compared with vehicle-treated animals (Fig. 1G) . Histology confirmed the mixed bone lesions in the area of tumor inoculation. In TM40D-MB injected tibiae, tumor cells surrounding the woven bone replaced the majority of the bone marrow, and vehicleinjected mice showed a normal bone structure with intact cortical shaft (Fig. 1H) . genetically modified the ␤-catenin signaling pathway by treating the TM40D-MB cells with Ad-␤-catenin or Ad-TCF4_DN at a m.o.i. of 100. Transfected cells were harvested to determine the ␤-catenin activity by a luciferase reporter assay. Increased ␤-catenin level by Ad-␤-catenin in TM40D-MB cells only slightly increased the reporter activity, whereas cells treated with Ad-TCF4_DN had a great down-regulation in luciferase activity ( Fig. 2A) . We also performed MTT assay to determine whether modification of the ␤-catenin pathway has an effect on tumor cell proliferation. As shown in Fig. 2B , TM40D-MB cells expressing Ad-TCF4_DN showed a modest increase in cell proliferation compared with the Ad-control. However, there was no difference in the proliferation rate between TM40D-MB cells treated with Ad-␤-catenin and Ad-control.
Inhibition of ␤-Catenin Using Dominant Negative TCF4 Increased Osteoclast Differentiation in Vitro and Enlarged Osteolytic Bone Destruction in Mice and Decreased Osteoblast
Differentiation in Vitro-To study whether inactivation of the ␤-catenin pathway has an impact on osteoclast differentiation, we first performed qPCR for RANKL, OPG, and pTHrP in TM40D-MB cells. We found that TM40D-MB cells harboring a dominant-negative TCF4 vector increased the RANKL/OPG ratio. Furthermore, there was a drastic elevation in the level of pTHrP expression (Fig. 3A) . Although the signaling mechanism for these increased gene expressions is not clear (see "Discussion" below), there are previous reports showing that increased RANKL/OPG ratio and the expression of pTHrP mRNA are two key factors in promoting osteoclast differentiation during osteolytic bone destruction accompanying breast cancer (2). Our result implied that inactivation of ␤-catenin in TM40D-MB cells might also increase osteoclast differentiation in bone microenvironment. To test this hypothesis, we co-cultured TM40D-MB cells expressing TCF4_DN with osteoclast precursors, RAW 264.7 cells, and performed TRAP staining after 5 days. As shown in Fig. 3 , B and C, RAW 264.7 cells co-cultured with TCF4_DN-expressing TM40D-MB cells developed significantly more multinucleated osteoclasts compared with other RAW 264.7 cells co-cultured with control tumor cells.
To investigate whether inactivating ␤-catenin in tumor cells could affect osteoclastic bone destruction in mice, we injected TM40D-MB cells expressing TCF4_DN into the mouse tibiae. Radiography was carried out 5 weeks after tumor inoculation. Mice injected with TCF4_DN-expressing TM40D-MB cells clearly showed much increased regions of lytic lesions compared with animals that were injected with control virustreated tumor cells (Fig. 4A) . CT revealed a decrease in both total bone volume and trabecular bone volume in animals injected with tumor cells expressing TCF4_DN (Fig. 4, B-D) . H&E staining also showed increased lytic bone destruction in TCF4_DN-expressing TM40D-MB compared with control TM40D-MB cells (Fig. 4E) .
In addition, to study whether inactivating ␤-catenin also inhibits osteoblast differentiation, we co-cultured TM40D-MB cells expressing TCF4_DN with osteoblasts MC3T3. Six days after co-culture, we observed a decrease in ALP activity, an early osteoblast differentiation marker, in MC3T3 cells co-cultured with Ad-TCF4_DN-treated tumor cells (Fig. 4F) .
Taken together, these data demonstrated that inactivation of the ␤-catenin pathway in breast cancer cells not only increases osteoclast differentiation and promotes osteolytic lesions, but also inhibits osteoblast differentiation.
␤-Catenin Overexpression in TM40D-MB Cells Failed to Induce More Osteoblastic Bone Formation in Mice-
To understand whether cancer cells overexpressing ␤-catenin can increase osteoblast differentiation, we first co-cultured mouse osteoblasts MC3T3 with TM40D-MB cells treated with either Ad-␤-catenin or control virus. Six days after co-culture, we found a slight increase in ALP activity in MC3T3 cells co-cultured with Ad-␤-catenin-treated tumor cells (Fig. 5A) . We also performed von Kossa staining at day 12 after co-culture. Likewise, we observed increased calcium deposition in MC3T3 cells co-cultured with TM40D-MB overexpressing ␤-catenin than in MC3T3 cells co-cultured with control virus-treated tumor cells (Fig. 5B) . These results suggested that tumor cells overexpressing ␤-catenin could induce osteoblast differentiation in vitro. Interestingly, using qPCR, we noticed that treatment with Ad-␤-catenin also increased Wnt antagonist Dkk-1 (Fig. 5C) , suggesting that a negative feedback loop exists in response to overactivation of the Wnt/␤-catenin pathway.
To investigate whether tumor cells overexpressing ␤-catenin may affect osteoclasts activity, we also examined RANKL/OPG and pTHrP at their mRNA levels using qPCR. We found that TM40D-MB cells overexpressing ␤-catenin displayed only a slight decrease in the ratio of RANKL/OPG, and the level of pTHrP showed no difference compared with control tumor cells (Fig. 5C ). These data suggest that TM40D-MB cells overexpressing ␤-catenin do not contribute significantly to reduce osteoclast differentiation.
Next, we explored whether overexpressing ␤-catenin in tumor cells also increases osteoblastic bone formation in vivo; to do so, we performed intratibial injection of TM40D-MB cells that had been treated with either Ad-␤-catenin or Ad-control. To our surprise, 5 weeks after injection, mice that had been injected Ad-␤-catenin-treated tumor cells did not show a significant increase in osteoblastic bone formation within the tibiae compared with those injected with control vector-treated tumor cells. CT analysis also showed no difference in both total bone volume and trabecular bone volume between two groups. Histological examination further indicated that tibia injected with tumor cells overexpressing ␤-catenin remained a mixed lesion rather than a conversion from a mixed to an osteoblastic phenotype (Fig. 4, A-E) .
DISCUSSION
Given the well demonstrated crucial role of ␤-catenin in bone development and regeneration, we predict that mammary tumor cells with different levels of ␤-catenin may affect the patterns of bone lesions. Due to the lack of mouse model for spontaneous breast cancer bone metastasis, we have established the current experimental model of breast cancer bone metastasis through inoculating the bone metastatic TM40D-MB cells directly into the tibiae of mice. This method has been used widely to study tumor-bone interaction during cancer metastases induced by many other cancers (23, 34, 35) . This model facilitates investigation of the interaction between tumor cells and bone and allows us to quantify the bone lesions between different treatment groups very easily. Most importantly, our mouse model displayed a mixed, rather than the pure osteolytic bone lesion, faithfully mimicking the bone lesions occurring in human breast cancer patients. Therefore, this model is very helpful for studying the signaling mechanisms underlying the changes between osteoblastic bone formation and osteoclastic bone resorption.
In this report, we show that, compared with the non-bone metastatic breast cancer cells TM40D, highly bone metastatic TM40D-MB cells exhibit significantly higher endogenous ␤-catenin signaling activity than the non-bone metastatic TM40D cells. This suggests that the ␤-catenin pathway is involved in regulating the bone metastatic property. A variety of studies have shown that activation of the Wnt/␤-catenin pathway is associated with osteoblast differentiation in vitro and new bone formation in vivo (14, 36, 37) and is responsible for some osteoblast bone malignancy, such as prostate cancer bone metastasis and osteosarcoma (21, 23) . It is therefore not surprising that this pathway may play an important role in osteoblastic bone formation in the mixed lesion. We further 
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noticed that TM40D-MB cells express higher level of Runx-2, and previous studies demonstrated that up-regulation of Runx-2 by canonical Wnt signaling plays a key role during osteogenesis (38) . In prostate cancer bone metastasis, tumor cells can produce high level Runx-2, which promote tissue invasion, homing to bone, as well as osteoblastic differentiation (39) . Furthermore, Barnes et al. reported that human breast cancer cells can produce Runx-2, which activates bone sialoprotein and contributes to an osteoblastic phenotype in bone metastasis (40) . Hence, it seems likely that activated ␤-catenin signaling in TM40D-MB cells may contribute directly to osteoblastic bone formation through up-regulation of Runx-2.
Interestingly, two downstream target genes (i.e. Cox-2 and Dkk-1) are also up-regulated in TM40D-MB cells. Because these two gene products can also regulate osteoclast activity in bone once they are secreted (22) , this may partly explain why TM40D-MB cells with high level endogenous ␤-catenin activity induce a mixed bone lesion, rather than a more osteoblastic phenotype. Furthermore, we observed a strong induction of both RANKL/OPG and pTHrP expression in TM40D-MB cells. Although during normal bone remodeling, Wnt signaling acts as a repressor for RANKL transcription in osteoblasts (41), this does not conflict with our finding, as Jones et al. discovered that RANKL can prominently regulate migration of epithelial cancer cells and bone-specific metastases including melanoma and breast cancer (42) . pTHrP is also responsible for bone metastasis induced by breast and lung cancer (43, 44) . Therefore, high level RANKL/IOPG ratio and pTHrP in TM40D-MB cells may represent a metastatic property of these tumor cells. Previous studies have proved that RANKL/OPG and pTHrP are two major mediators for osteoclast differentiation and osteolysis (2, 45). Hence, although the mechanism whereby A, x-ray examination displayed enlarged lytic lesions in tibiae of animals injected with Ad-TCF4_DN-treated tumor cells. There was no increased osteoblastic activity in animals injected with tumor cells overexpressing ␤-catenin. B, CT confirmed phenotype description above. C and D, analysis using CT revealed that both total bone volume fraction and trabecular bone volume fraction decreased in animals injected with tumor cells expressing TCF4_DN. However, no significant difference was observed in total bone volume fraction and trabecular bone volume fraction between mice injected with control virus and Ad-␤-catenin; E, H&E staining demonstrated a mixed bone lesion in tibia of control virus-treated mice, as both tumor bone formation and bone resorption were observed in tumor area. In contrast, a predominantly lytic phenotype was seen in mouse tibia that had been injected with Ad-TCF4_DN-treated tumor cells. The marrow cavity was completely filled with tumor cells; bone formation was hardly detected. In mice injected with tumor cells overexpressing ␤-catenin, both osteoblastic and osteolytic activity were seen, which is comparable with control virus-treated mice. F, real-time PCR assay showed a decrease in ALP activity in MC3T3 cells co-cultured with TM40D-MB cells treated with Ad-TCF4_DN rather than those co-cultured with control virus-treated tumor cells. *, p Ͻ 0.05; **, p Ͻ 0.01. Error bars, S.D.
TM40D-MB cells have high level of RANKL and pTHrP is not known, it seems likely that these two molecules play an important role in breast tumor cells to induce osteoclastic lesion through a Wnt-independent mechanism. Because TM40D-MB cells can express both activated ␤-catenin signaling activity as well as molecules responsible for osteoclast activity (e.g. RANKL, pTHrP, Cox-2), the balanced effect is to produce a mixed lesion consisting both osteoblastic bone formation and osteoclastic bone destruction.
However, it should be noted that our animal model omits the early events of cancer bone metastases, such as tumor migration, intravasation, and extravasations. This means that our data suggested that ␤-catenin in TM40D-MB cells only contributes to the bone lesion in the tumor cell-bone microenvironment after tumor injection. It is unknown whether this pathway is also critically involved in the early steps of breast cancer bone metastasis.
Next, we showed that inactivation of the ␤-catenin pathway in TM40D-MB cells expressing a dominant negative TCF4 (TCF4_DN) significantly increased osteoclast differentiation in vitro and enlarged osteolytic destruction in vivo. Noticeably, although TM40D-MB cells have already had a higher ratio of RANKL/OPG and an elevated level of pTHrP than nonmetastatic TM40D cells, treatment with Ad-TCF4_DN still further increased RANKL/OPG ratio and pTHrP mRNA (Fig. 3A) , which led to increased osteoclast activity both in vitro and in vivo. Given that the Wnt/␤-catenin pathway regulates osteoclast differentiation and bone resorption through its transcription repression of RANKL (41), it is not a surprise that inactivation of ␤-catenin by Ad-TCF4_DN increased RANKL expression and thus a higher RANKL/OPG ratio. However, the mechanism whereby TCF4_DN enhances pTHrP expression in TM40D-MB cells is unclear. One possibility is that ␤-catenin/ TCF signaling may activate inhibitor(s) of pTHrP through other unknown downstream targets. Thus, treatment of TM40D-MB cells with TCF4_DN may release the suppression, resulting in highly induced pTHrP expression.
In addition, we observed that inactivation of the ␤-catenin pathway by Ad-TCF4_DN also inhibited osteoblast differentiation in a tumor-bone co-culture system, as indicated by decreased ALP activity. This finding is in agreement with previous reports that Wnt antagonist Dkk-1 can block osteoblast differentiation in both physiological and pathological conditions, including breast cancer bone metastasis (12, 13, 22, 36) . As a result, the drastic effect on osteolytic lesion by the TCF4_DN in our model is mediated through combined mechanisms: up-regulation of osteoclast differentiation as well as down-regulation of osteoblast differentiation.
Based on our findings that inactivation of the ␤-catenin pathway by Ad-TCF4_DN in breast tumor cells promotes osteolytic bone lesions, we initially predicted that overexpression of ␤-catenin in the tumor cells might induce a more osteoblastic phenotype in mice. Surprisingly, injection of TM40D-MB cells overexpressing ␤-catenin did not induce a shift of bone lesion toward osteoblastic bone, but such treatment did induce a very modest increase of osteoblast differentiation in the tumor-bone co-culture system. As described above, we note that bone metastatic TM40D-MB cells already possess a higher endogenous ␤-catenin signaling activity, as was shown by reporter activity assay and gene expression techniques, than in control TM40D cells. Hence, the preexisiting high level of ␤-catenin activity might be the reason why treating TM40D-MB cells with Ad-␤-catenin fails to shift the bone lesion pattern. This possibility is supported by our reporter activity assay, in which only a slight increase in the luciferase activity was observed in Ad-␤-catenin-treated TM40D-MB cells compared with Ad-controltreated cells (Fig. 2) .
In addition, we further noticed that Ad-␤-catenin-treated TM40D-MB cells had a much higher expression level of Dkk-1 compared with control TM40D-MB cells. Previous studies have widely demonstrated that Dkk-1 can inhibit osteoblast differentiation and play a crucial role in both bone regeneration and bone malignancies, including breast cancer bone metastasis and multiple myeloma (14, 17, 22, 46) . Given the osteoinhibitory effects of Dkk-1, it seems plausible that the negative feedback by Dkk-1 in response to overactivation of the ␤-catenin signaling pathway may also participate in the prevention from inducing a more osteoblastic phenotype. Nevertheless, our study does not rule out possibilities that other Wnt/␤-catenin inhibitors (e.g. Sfrp-1, Sfrp-2, and Dkk-2) might also be induced in TM40D-MB cells after being treated with Ad-␤-catenin.
On the other hand, we noticed that TM40D-MB cells treated with Ad-␤-catenin only showed a slight decrease in the RANKL/OPG ratio and the pTHrP was not changed. These tumor cells might only have slightly reduced osteolytic bone destruction, which provides another mechanism for the failure to induce more osteoblastic bone lesion after the ␤-catenin-overexpressing TM40D-MB tumor cells are inoculated into the bone.
In general, bone metastatic TM40D-MB cells possess higher endogenous ␤-catenin signaling activity, which mediates osteoblastic differentiation and induces bone-forming activity in the mixed bone lesion. Inactivation of this pathway can enlarge osteolytic bone destruction through both up-regulation of osteoclast differentiation and down-regulation of osteoblast differentiation. However, the role of this pathway in osteolytic destruction is still unclear. Our data suggest that osteolytic lesion may be mediated through both Wnt-dependent (e.g. Cox-2 and Dkk-1) and Wnt-independent mechanisms (e.g. pTHrP and RANKL/OPG).
Breast cancer-induced bone metastasis displayed a mixed lesion, instead of the pure osteolytic destruction as in the myeloma-induced bone lesions. The regulation of the ␤-catenin pathway in breast cancer bone metastasis is very complicated. Our data argue that it is still too early to develop any therapeutic approach by simply targeting ␤-catenin either to block bone metastasis or to reduce bone lesion. More studies are needed to understand the molecular mechanisms of ␤-catenin action in the bone-tumor microenvironment before any therapy can be developed to treat bone metastasis.
